A dual-peak LPFG (long-period fibre grating), inscribed in an optical fibre, has been employed to sense DNA hybridization in real time, over a 1 h period. One strand of the DNA was immobilized on the fibre, while the other was free in solution. After hybridization, the fibre was stripped and repeated detection of hybridization was achieved, so demonstrating reusability of the device. Neither strand of DNA was fluorescently or otherwise labelled. The present paper will provide an overview of our early-stage experimental data and methodology, examine the potential of fibre gratings for use as biosensors to monitor both nucleic acid and other biomolecular interactions and then give a summary of the theory and fabrication of fibre gratings from a biological standpoint. Finally, the potential of improving signal strength and possible future directions of fibre grating biosensors will be addressed.
Introduction

A brief overview of optical fibres for non-physicists
The history of optical fibres as we understand them today dates from the mid-20th Century [1] . Optical fibres are often called waveguides, because the light travels down them and emerges only at the far end, rather than spilling out through the sides of the fibre. The central part, down which the light travels, is called the core. Instead of travelling straight down the middle of the core (as might be imagined), the light enters at an angle (it is refracted from the air) and when it reaches the edge (boundary) of the core, it bounces off, and continues down the fibre. For light to propagate down the waveguide or optical fibre, it must hit the boundary above a certain angle (with respect to a normal from the boundary). The smallest angle at which light can be propagated is called the critical angle. Below this angle, light simply leaves the core as soon as it encounters the core boundary (it is lost by refraction), but at or above the critical angle, the light is all reflected at the boundary. This is called total internal reflection and is the basis on which optical fibres function. In order for total internal reflection to work, the refractive index of the core must be greater than that of the surrounding medium (e.g. glass core and air surround). Although light can travel down a core that is surrounded by air, the cores of practical optical fibres are surrounded by another medium (the cladding) whose refractive index is less than but very close to that of the core. This similarity in refractive indices effectively limits the angles of light that can be propagated down the fibre, since the smaller the difference in refractive index between the cladding and the core, the smaller the angle of light that can be input into the fibre (the numerical aperture). Since light is an electromagnetic wave, it also has electrical properties and these cause an 'electrical disturbance' to run alongside the light that is totally internally reflected within the core of an optical fibre. That 'electrical disturbance' is called an evanescent wave and it propagates within the cladding, very close to the boundary with the core of the optical fibre. The magnitude of the evanescent wave diminishes reciprocally with distance from the core/cladding boundary. The evanescent wave is often conceptualized as a small proportion of the light penetrating into the cladding, during reflection. It is an evanescent wave that has been exploited with the current application, to sense the interaction between unlabelled biomolecules.
Optical fibres as light conduits within sensors and biosensors
Optical fibres are best known for their applications in the telecommunications industry, where multiple signals (in the form of light) can be sent down a single fibre over very long distances. They are also used extensively in devices for viewing hard-to-reach locations, such as the endoscope. It is this property of using the optical fibre to conduct light to a remote, convenient location that is most frequently exploited in optical fibre biosensors. Thus most optical fibre biosensors require fluorescent or colorimetric labelling of one or more biomolecules (e.g. [2] [3] [4] [5] [6] [7] ). Once the labelled biomolecule has interacted with its target, the fluor is excited by the evanescent wave and the resulting fluorescence [either directly from the fluor or from a FRET (fluorescence resonance energy transfer)-based signal] is then conducted via the fibre to an analytical device that has been equipped with appropriate wavelength filters. This area is the subject of an extensive, recent review [8] .
Optical fibre sensors that employ gratings
Ideally, biosensors would not require labelled molecules. Sensing the interaction of unlabelled molecules (akin to detection of unlabelled biomolecular interactions by surface plasmon resonance) can also be achieved using optical fibres and is an emerging subdiscipline of photonics (for a recent review, see [9] ). Such sensors require gratings, which are tiny repetitive structures (akin to diffraction gratings), inscribed through the side of an optical fibre. There are two types of grating that relate to optical fibres: FBGs (fibre Bragg gratings), which are used to sense strain and temperature, and LPFGs (long-period fibre gratings), which exploit an evanescent wave and can be employed as chemical sensors or biosensors. The two types of grating differ in the distance (period) between the component 'lines' of the grating and are manufactured differently. Both types of grating are inscribed by shining continuous UV laser (244 nm) light through the side of an optical fibre. The cladding layer is transparent to the UV light which passes straight through, but when the light enters the core of the fibre, the refractive index of the glass it hits is changed. Thus, if a fibre grating is viewed under a microscope, it appears as a series of dark lines. These dark lines are the regions of glass that have a different refractive index. The two types of grating (FBGs and LPFGs) are considerably different in size. An FBG has a period of the order of 1 μm and is inscribed using interference patterns of light, whereas an LPFG is literally printed on to the core of the fibre, by shining the laser through a template mask. LPFGs typically have periods in the region of 100-500 μm.
As light passes down the core of a fibre and encounters a grating (FBG or LPFG), certain wavelengths of the light are either reflected back up the core (FBGs; single wavelength) or pass through the grating and into the cladding (LPFGs; multiple wavelengths, Figures 1A and 1B ). This process (the effective loss of certain wavelengths) is called coupling and is measured by looking at the transmission spectrum of light that exits from the core of the optical fibre. Anything that changes the periodicity of either type of grating changes the wavelength(s) of the coupled light. This phenomenon can be exploited in, for example, a remote temperature sensor such as that in an aeroplane engine [10] , where a localized temperature change at the site of the grating makes the grating either expand or contract. This changes the periodicity of the grating, which in turn alters the wavelength of the coupled light that is detected in transmission at the end of the optical fibre. Similarly, mechanical strain can either compress or expand the grating, again altering the transmission spectrum of the grating. Thus fibre optic grating-based sensors have also been used to measure bending forces in yacht masts [11] , bridges [12] etc. These types of sensors (temperature and strain) employ FBGs. In principle, LPFGs operate similarly. However, the factors that change the wavelength of light coupled in an LPFG are more complex. Measurements employing LPFGs additionally exploit an external evanescent wave and thus the factors that affect the transmission spectrum of an LPFG are 4-fold: (i) the grating period, (ii) the core refractive index, (iii) the cladding structure (including its refractive index and shape), and (iv) the properties of the surrounding medium. It is this last property that is exploited to make concentration sensors, chemical sensors and biosensors from optical fibres. When light is coupled with the cladding, it itself sets up an evanescent wave just outside of the cladding and it is this evanescent wave ( Figure 1A ) that is affected by changes in concentration/composition of the surrounding medium or by molecular interactions occurring on the surface of the cladding.
LPFG construction
LPFGs, with comparatively short periods of 161 μm, were inscribed into single mode, H 2 -loaded SMF-28 optical fibres (Corning) as described in [13] . Inscription generally takes of the order of seconds to minutes (depending on the composition of the core) and it is possible to monitor light transmitted down the fibre during the inscription process. Thus it is possible to generate a grating that gives almost 100% coupling of specific wavelengths of light into the cladding (Figure 1 of [13] ; note that the transmission scale, dB, is a logarithmic scale and thus 99% coupling ≈ −20 dB transmission). To increase sensitivity, the grating was then gently etched [14] with 15% HF for approx. 10 min to remove some of the cladding in the area of the grating. It is important to note that this etching process is relatively gentle and thus although the thickness of the cladding is reduced by etching, the optical fibre itself is not damaged by the etching process.
Sensor molecule immobilization
To generate a biosensor, it is necessary to immobilize one of the two interacting molecules in the surface of the sensor. In our preliminary study, the whole outer surface of the fibre in the region of the grating was derivatized first by silanization. Both the core and the cladding SMF-28 fibre are made of glass and thus the outer surface of the fibre can be derivatized by conventional silanization in which the hydroxy groups exposed on the outer surface of the cladding (Figure 2A ) are made to react with (3-aminopropyl)triethoxysilane (Aldrich) to yield primary amine surface groups [15] ( Figure 2B ). Subsequent reaction with dimethyl suberimidate (Aldrich) results in a glass surface from which chemical linkers project that are terminated with imidoester groups [16] (Figure 2C ). These reactive groups can then react with primary amines within proteins (i.e. the N-terminus or side groups of exposed lysine residues) or N-terminated oligonucleotides [17] , to covalently link biomolecules to the surface of the glass ( Figure 2D ).
In the first instance, GFP (green fluorescent protein) was cross-linked to the fibre surface to check whether its chemical derivatization had been successful. The derivatized fibre was compared with a non-cross-linked fibre under a fluorescent microscope. No fluorescence was observed from the noncross-linked fibre (results not shown), but Figure 2 (E) demonstrates that the cross-linking with GFP had indeed been successful. Therefore a duplicate chemically derivatized fibre, containing a dual-peak LPFG with a period of 161 nm, was similarly cross-linked with an amino-modified target DNA. This ssDNA (single-stranded DNA)-derivatized fibre was used in subsequent experiments.
Detection of DNA binding and reuse of the sensor
Unsurprisingly, the act of cross-linking the sensor DNA molecule to the surface of the LPFG modified the wavelength of the coupled light. Thus attachment of the sensor molecule caused a blue shift of the coupled light of 254 pm ( Figure 3A ; note the leftward displacement of the transmission spectrum after immobilization). The fibre was then equilibrated in hybridization buffer [6 × SSPE; 1 × SSPE = 0.15 M NaCl/ 10 mM sodium phosphate (pH 7.4)/1 mM EDTA] and then an unlabelled, fully complementary 15-mer DNA oligonucleotide (1 μM) was hybridized to the biosensor at room temperature. The hybridization of the two DNA strands can be visualized by the red shift of the coupled light with time, from 1591.91 to 1592.63 nm: a total red shift of 715 pm over the 1 h hybridization ( Figure 3B) . Stripping of the hybridized DNA again caused a blue shift of the coupled light, of 1257 pm ( Figure 3C , note the leftward displacement of the bold curve), whereas after washing, drying and equilibration in hybridization buffer, a second DNA hybridization (2 μM complementary DNA) once again red-shifted the coupled light, by 1165 pm, from a starting wavelength of 1590.88 nm to 1592.05 nm ( Figure 3D ).
It is encouraging to note that a doubling of the test DNA concentration from 1 to 2 μM led to a near doubling (78%) of the sensor's response on reuse. From Figures 3(B) and 3(D) , it can be seen that an initial period of rapid hybridization (approx. 3 min in each case) was followed by a prolonged period of more gradual hybridization over the time course of 1 h (sensed as a red shift of 9 pm/min for 1 μM of complementary DNA and 16 pm/min for 2 μM of DNA; again an increase in signal of 78% for a doubling of DNA concentration). However, the initial rates of hybridization may be of most interest in a functional biosensor, and here again, it is encouraging to note that a doubling of the DNA concentration led to an increase in the red shift from 86 to 119 pm/min (a 38% increase) over this initial, rapid part of the hybridization curve.
Why are grating-based biosensors important?
Aside from the obvious convenience of employing unlabelled biomolecules, we believe that LPFG-based biosensors may ultimately offer greater sensitivity than fluorescence-based sensors. Fluors necessarily give off light in all directions, and of this, only a tiny proportion will ever enter the fibre, to travel back to the detector. In contrast, LPFGs rely only on the effect of the biomolecule on the evanescent wave, which in turn affects the wavelength of coupled light within the fibre. Thus the fact that biomolecular interactions take place on the fibre surface becomes unimportant.
Future improvements in sensitivity
Clearly, our work with LPFGs is in its early stages and although we have made initial attempts to maximize sensitivity by employing dual-peak LPFGs and by etching away some of the fibre's cladding, there remain many avenues to explore. Sample volumes can be reduced relatively easily, by designing tiny vessels that hold the test biomolecule only in the region of the grating, rather than bathing the whole fibre in the sample. The ultimate extension of such work would be to ablate microfluidic channels [18] within the cladding to achieve absolute minimization. Likewise, we have yet to explore any sensitivity gains offered by D-shaped fibres [19] , or by refining the etching processes [14, 20] .
Future directions
We have yet to examine whether the sensitivity is sufficient to detect mismatches in oligonucleotide hybridization. Likewise, particularly because the biomolecules are unlabelled, we are interested in examining the potential of investigating protein-protein, protein-DNA and protein-substrate interactions. Moreover, would an LPFG-based sensor be useful in screening combinatorial protein libraries [21] or in general proteomic applications? Finally, it will be interesting to determine whether we can combine the best of both worlds by embedding fluors such as quantum dots [22] within the optical fibres.
